Abstract Coastal sector impacts from sea level rise (SLR) are a key component of the projected economic damages of climate change, a major input to decision-making and design of climate policy. Moreover, the ultimate global costs to coastal resources will depend strongly on adaptation, society's response to cope with the local impacts. This paper presents a new open-source optimization model to assess global coastal impacts from SLR from the perspective of economic efficiency. The Coastal Impact and Adaptation Model (CIAM) determines the optimal strategy for adaptation at the local level, evaluating over 12,000 coastal segments, as described in the DIVA database (Vafeidis et al. 2006 ), based on their socioeconomic characteristics and the potential impacts of relative sea level rise and uncertain sea level extremes. A deterministic application of CIAM demonstrates the model's ability to assess local impacts and direct costs, choose the least-cost adaptation, and estimate global net damages for several climate scenarios that account for both global and local components of SLR (Kopp et al., Earth's Future 2:383-406;. CIAM finds that there is large potential for coastal adaptation to reduce the expected impacts of SLR compared to the alternative of no adaptation, lowering global net present costs through 2100 by a factor of seven to less than $1.7 trillion, although this does not include initial transition costs to overcome an under-adapted current state. In addition to producing aggregate estimates, CIAM results can also be interpreted at the local level, where retreat (e.g., relocate inland) is often a more cost-effective adaptation strategy than protect (e.g., construct physical defenses).
Introduction
Coastal zones are a key impact sector threatened by climate change. Rising sea levels may affect tens of millions of people living in low-lying coastal areas, as well as infrastructure, capital assets, vulnerable ecosystems, cultural heritage, and island nations (Wong et al. 2014) . The potential damages from sea level rise (SLR) include accelerated erosion, permanent inundation, increased flooding from storm surge, saltwater intrusion into freshwater resources, and degradation of coastal wetlands that are rich in biological diversity and provide important services such as flood protection .
The ultimate economic cost of climate change to coastal resources will depend closely on adaptation to cope with the impacts of SLR. Coastal adaptation strategies can be broadly characterized as protect, accommodate, and retreat. Protection prevents inundation of low-lying, high-value areas through physical measures like seawalls, dikes, and bulkheads. Accommodation allows rising waters to encroach, but minimizes damages by flood-proofing or raising structures. Retreat moves humans and capital assets out of harm's way. Although anticipatory adaptation has been shown to be the cost-effective response to SLR for developed coastlines, public policy plays an important role in the actual adoption of adaptation measures, and progress to date has been slow. Even with adaptation, certain regions are likely to suffer disproportionately from SLR, such as small island nations and delta areas like Bangladesh, which have particularly vulnerable populations (Wong et al. 2014) .
SLR is characterized by the long-term nature of the threat as well as the potential for extreme events. Regarding the former, thermal expansion will unfold gradually over several centuries due to lags in oceanic processes such as mixing and circulation (Church and Clark 2013) . 1 Global mean SLR also results from loss of land ice from glaciers and the Greenland and Antarctic ice sheets, which store the equivalent of approximately 65 m of SLR combined. Despite incomplete understanding of the links between atmospheric and ocean warming and the rate of loss, the time frame for ice sheet disintegration is believed to be on the order of multiple centuries to millennia (Applegate et al. 2014) . While fast on a geological timescale, the impacts of global mean SLR are thought to be manageable for human response, offering time to prepare.
In contrast to gradual global mean rise, sea level extremes that occur at random cause local flooding. SLR has an additive effect on extreme water heights, shifting the probability distribution by the amount of rise, which will shorten return periods and expand current floodplain boundaries (Tebaldi et al. 2012 ). 2 Importantly, sea level does not change uniformly and can vary widely by location due to factors such as ocean dynamics, gravitational effects, isostacy, sediment compaction, and tectonics (Kopp et al. 2014) . Effective coastal adaptation planning is an exercise in managing all of these risks at the local level: incremental climate-driven SLR, extreme water heights (and potential nonstationarity), and other non-climatic changes.
Literature on global coastal impact estimates
Because coastal zones are densely populated and economically productive, the threat of rising seas from climate change has been studied for several decades. Most coastal impact studies fit into two categories: (1) aggregate global exposure surveys that quantify the land, people, and capital at risk of inundation, (2) high-resolution local planning studies that evaluate targeted adaptation projects, but are site-specific so cannot be extrapolated or applied more broadly to inform global estimates of coastal impacts. Before presenting the current model, I first review prominent global cost estimates of coastal impacts and then describe how these studies relate to the present work.
The first social vulnerability assessment of SLR quantified the land, population, income, and capital in the continental US that would be exposed for two static SLR cases (Schneider and Chen 1980) . Such assessments have been updated over time as the underlying geophysical and socioeconomic data have improved in quality and coverage (e.g., Hoozemans et al. 1993) . The next generation of direct cost studies introduced adaptation measures through a 'fixed-rule' (e.g., protect all coastal zones above a threshold population density) to estimate the total costs of protection, retreat, and inundation. Titus et al. (1991) conducted a national study of the US for 1 m of SLR in 2100, while Dronkers et al. (1990) performed a similar global assessment of the world's developed coastlines. A more sophisticated variant accounts for societal risk attitudes by linking protection standards to income levels (Yohe and Tol 2002) ; this has been applied to estimate population exposure by Nicholls (2004) and protection costs by Hinkel et al. (2014) . Fankhauser (1995) and Yohe et al. (1995) formulated cost-benefit models to determine the economically optimal level of protection based on the relative cost of protection and retreat, building off earlier work by van Danzig (1956) . Fankhauser derived a reducedform equation to approximate the optimal fraction of protection for a given coastline based on the present value cost ratio of protection to inundation. 3 One limitation of such costbenefit rules is that by simplifying the optimal result to a closed-form equation it cannot interact dynamically with changing climate impacts, and the approximation is often further exacerbated by the low spatial resolution and limited temporal structure common to many global and regional analyses.
Progress in the geophysical dimension was afforded by the Dynamic Interactive Vulnerability Assessment (DIVA), a geospatial analysis tool that partitions world's coastlines into 12,148 distinct segments, combining global scope with high spatial resolution . 4 Several regional and global studies that account for additional damage factors related to vertical land movement, storm surge flooding, and wetlands have been published with DIVA (see Hinkel et al. 2012 Hinkel et al. , 2013 Hinkel et al. , 2014 . A recent DIVA assessment of fixed-rule adaptation under a range of socioeconomic scenarios, digital elevation models, and SLR projections estimated annual costs in 2100 of $12-71 billion for coastal protection with $11-95 billion in flood damages . Sugiyama et al. (2008) apply DIVA's increased spatial resolution to reprise Fankhauser's reduced-form approach. Their analytical model of optimal coastal adaptation adds capital stock, adjusts vertical population distribution, and uses nonlinear SLR scenarios. This reduced-form cost-benefit rule is then applied at the spatial resolution of DIVA's coastal segments, though the study omits local SLR and flood damage and does not produce global cost estimates.
A final dimension in the coastal impact literature is the distinction between direct cost estimates and welfare effects. Early studies by Darwin and Tol (2001) and Deke et al. (2001) used computable general equilibrium (CGE) models in order to estimate the economy-wide effects of coastal impacts and adaptation. Bosello et al. (2007) confirms the importance of CGE approach and finds that direct costs may underestimate the actual welfare loss to society.
Present work
This paper presents the Coastal Impact and Adaptation Model (CIAM), a new open-source optimization model that assesses global coastal impacts from SLR with high spatial resolution. CIAM's novel approach determines the least-cost adaptation strategy of each coastal segment in the DIVA database. The model offers new estimates of the direct economic costs of SLR from the perspective of economic efficiency that complement the existing literature. These estimates can be flexibly aggregated at the city, country, regional, and global level. The motivation for this global scope is to inform the magnitude and sensitivity of potential coastal damages, one of several economic impact sectors that may influence decisions about climate policy. The remainder of the paper is organized as follows. Section 2 summarizes the model formulation. Section 3 presents an application of CIAM that evaluates adaptation and estimates costs for several SLR scenarios, with global, national, and local results. Section 4 summarizes these findings and provides a general discussion of the work, its limitations, and recommendations for future research.
Coastal Impact and Adaptation Model (CIAM)
CIAM assesses coastal impacts by disaggregating the least-cost adaptation decision to the local level, evaluating over 12,000 coastal segments. Each segment has an independent planner who chooses an adaptation strategy based on local socioeconomic characteristics and the potential impacts of SLR and expected damages from flooding. 5 The objective of each coastal segment, as expressed in Eq. 1, is to minimize the sum of adaptation costs (protection or retreat) plus residual damages due to inundation, wetland loss, and flooding:
(1) This may be the least-cost strategy in some undeveloped areas. d Retreat. SLR causes the loss of inundated land and incurs planned relocation costs below the retreat perimeter R. Expected flood damage is limited to extremes that penetrate the retreat perimeter (e.g., ≥ R). e Protect. Land is protected from SLR damages by the sea wall with height H . In addition to protection costs, overtopping extremes (e.g., ≥ H ) incur an expected flood cost. The impact of SLR on wetlands is not depicted in the diagram. In the application presented in Section 3, CIAM will evaluate these adaptation strategies for several SLR scenarios
where Δt is the decision-making planning period of annual time-steps t, r is the discount rate of 4 %, and s is the adaptation strategy (i.e., protect, retreat, or do nothing and the extent, since extra adaptation can be pursued to minimize the expected cost of flood impacts). CIAM makes the simplifying assumption that the near-term extent of local SLR is known with perfect foresight for a given climate scenario. 6 Adaptation investments are made incrementally and modularly, and the chosen strategy is updated over time following an iterative process depicted in Fig. 1 . 7 These strategies can be summarized diagrammatically. Figure 1b shows the counterfactual baseline case of no climate-driven SLR, against which all climate scenarios will be compared. Figures 1c-e show the cases corresponding to the three adaptation strategies: no adaptation, retreat, and protect.
The remainder of this section presents key parameters and cost functions that determine the potential magnitude of coastal impacts and adaptation costs. The complete model documentation, including access to the open-source code (programmed in GAMS), is available online in the Supplementary Material.
The unit of analysis in CIAM is the individual coastal segment, as described by the DIVA database, which partitions the world's coasts into 12,148 distinct segments of similar physical characteristics, with a median length of 18 km. 8 The DIVA parameters used in CIAM are coastline length, inundation surface area by elevation, storm surge frequencies, wetland extent, and initial population density for each segment. I integrate a variety of additional socioeconomic characteristics described below in order to evaluate adaptation costs and residual damages.
Population, income, and capital CIAM projects socioeconomic growth over time.
National population growth rate projections are based on the United Nations World Population Prospects (2012) and applied to the segment-level initial population density as reported in DIVA. National income levels are based on Penn World Table ( 2011) with growth rates from IMF World Economic Outlook (2011). Local capital stocks are estimated using a capital-output ratio to overcome the lack of geospatial data on capital, reflecting the fact that capital stocks will grow over time based on the potential investment available. 9
Adaptation cost: protection Protection construction costs are assumed to be linear in coastline length and quadratic in sea wall height, reflecting the increasing need for structural foundation; there is also an annual maintenance cost and an opportunity cost to the occupied land. 10 Reference costs are based on a review of international coastal protection installations by Hillen et al. (2010) , and a national construction cost index accounts for differences in materials and labor. CIAM makes the simplifying assumption that all protection is constructed to be 100 % reliable and without delay. 11
Adaptation cost: retreat Incremental retreat incurs adaptation costs associated with redeveloping and relocating the affected people and infrastructure further inland. These costs are based on observed domestic migration costs; reactive retreat is assumed to be more costly due to the lack of advance planning.
Damage cost: inundation The incremental inundation of unprotected coastal land causes damages based on the extent of national land endowment lost and assumed to correspond in value to interior land, as argued in Yohe (1990) . National land value is derived from average rents for agricultural land from Global Trade Analysis Project (GTAP) and appreciate over time based on income and population density growth. Capital losses depend on the type of adaptation: immobile capital is assumed to be efficiently depreciated in advance of a planned retreat (see Yohe et al. 1995) , whereas the entire asset value is lost in a reactive retreat.
Damage cost: wetland loss CIAM applies a simple, rate-based rule to determine the impact of SLR on existing wetlands. Wetlands loss is an increasing function in the annual rate of SLR; permanent loss occurs when the rate exceeds a critical threshold for vertical accretion or if protection is chosen, as this physically prevents their natural migration. 12 Wetland value is based on annual willingness to pay for ecosystem services, increasing in income and population density per the wetland service valuation meta-analysis of Brander et al. (2006) .
Damage cost: flooding DIVA reports the 1, 10, 100, and 1000-year and maximum surge height, calculated from tidal level data, barometric pressure, wind speeds, and sea bed slopes. CIAM assumes a generalized extreme value (GEV) distribution to represent uncertain surge events (as in Lempert et al. 2012 ) and calibrates a probability density function to the current frequency. The present study assumes stationarity in the distribution of sea level extremes (i.e., the current distribution persists despite climate change), such that the effect of SLR is linear and additive. 13 The expected cost of flooding is computed as the integral over all sea level extremes s that exceed the current adaptation level A, multiplying the probability f of a given height times the resulting damage: E Damage(s) = 
f (s)Damage(s)ds.
Flood damage depends on the number of exposed people and capital, the latter scaled by a logistic depth-damage function, and is decreasing in per capita income, to reflect resilience from safety measures and building codes (Fankhauser and McDermott 2014) . Exposure depends on the type of adaptation chosen: protection floods the entire area trapped behind the sea wall, while retreat exposes much less settled land.
The CIAM framework presented in this paper represents an initial effort rather than a final answer, and there are limitations to the current approach, some of which are discussed here. The model is being made openly-available to facilitate improvements to the formulation as well as a broad range of future collaborations with the integrated assessment community. While the development of CIAM is the core contribution of this work, the remainder of the paper demonstrates its performance through an application.
Current study
The CIAM framework is applied here to evaluate a set of climate scenarios and estimate coastal impacts. Publicly-available probabilistic sea level projections published in Kopp et al. (2014) are used as an exogenous input to CIAM. The scenarios correspond to representative concentration pathway (RCP) 2.6, 4.5, and 8.5 (Meinshausen et al. 2011 ). 14 For each RCP Kopp et al. develop 1,091 site-specific probability distributions across the global tide-gauge network using 10,000 Latin hypercube samples from time-dependent probability distributions of cumulative contributions from thermal expansion, glaciers, ice sheets, and land water storage based on process model projections and expert assessments, as well as a Gaussian process model for non-climatic factors. Each CIAM segment is mapped to the nearest tide-gauge site in order to reflect the spatial variability of SLR. Summary quantiles for all sites are applied as sea level rise scenarios, as described in the Supplementary Material.
All three scenarios, RCP2.6, RCP4.5, and RCP8.5, project similar amounts of global mean SLR to 2050 (median of 0.25, 0.26, and 0.29 m, respectively), at which point the highest climate change scenario begins to deviate more sharply. By 2100 the median (5-95th percentile range) projections are 0.50 (0.29-0.82), 0.59 (0.36-0.93), and 0.79 (0.52-1.21) m, respectively. CIAM also evaluates a baseline case with no climate change for comparison; in this scenario there is no climate-driven SLR, but each segment continues to experience non-climatic vertical land movement due to glacio-isostatic adjustment, tectonics, and sediment compaction, following the local background rate reported in Kopp et al. Figure 2 depicts the estimated global costs over time, comparing a No Adaptation policy to the Least-Cost result. In the No Adaptation policy (top panel), reactive retreat and inundated land and (undepreciated) capital account for roughly half of annual impacts, with most costs accrued in the early years. The other major cost component is the expected flood damage, which increases over time as SLR adds to extreme water heights, expanding current floodplain boundaries and putting more people and capital at risk. The Least-Cost policy (bottom) shows that a targeted investment in incremental adaptation delivers a significant reduction in the realized costs of SLR, by roughly an order of magnitude. The loss of wetland services across RCP scenarios ranges between $20-80 billion in 2100, with similar impacts across policies, though the possibility of wetland expansion under No Adaptation is not modeled in CIAM. For both policies, the No SLR scenario distinguishes the costs of climate-driven SLR from the counterfactual case of socio-economic growth, expected floods, and land subsidence. From this baseline it is intuitive that annual costs increase with the SLR scenario, yet it is the adaptation policy that has a much stronger effect on the net cost to society. This suggests that how coastal adaptation occurs is a more important factor than the extent of the SLR threat.
CIAM results: global cost estimates

CIAM results: national costs
Globally, net costs for the RCP8.5 scenario are projected to be between $270 billion and $2.2 trillion dollars annually in 2100, depending on the optimality of adaptation, comprising a small fraction of projected global GDP (e.g., under 0.2 % and 1.5 % of the $147.6 trillion global GDP projection, respectively). On a per-county basis the median cost of adaptation in 2050 is estimated to be under 0.09 % of national GDP, although certain countries will be impacted disproportionately-the four countries with the largest burden are the Marshall Islands (7.6 %), the Maldives (7.5 %), Tuvalu (4.6 %), and Kiribati (4.1 %). On an absolute basis, the four countries facing the largest net present value (NPV) of costs from 2010 to 2100 are the United States ($419 billion), Australia ($208 billion), Brazil ($98 billion), and China ($87 billion). Cost results in terms of NPV and as a percentage of national GDP, decomposed into protection, retreat, expected flood cost, and residual costs are reported in Table SM1 for the top 15 countries, with complete results for all countries in Table SM2 . It is worth noting that while flood damages are modeled (and reported) in expectation, the realized cost of any one stochastic event could constitute a more substantial fraction of a country's GDP.
CIAM results: local coastal adaptation maps
CIAM's underlying spatial resolution is displayed in Fig. 3 with maps showing each of the 12,148 coastal segments and the adaptation strategy pursued in 2050. This figure illustrates that retreat is cost-effective for the majority of the world's coastlines, while protection is pursued selectively in areas that are very dense in people and capital and have extensive low-lying areas exposed to both inundation and flooding. For both protect and retreat it is often optimal for coastal segments to pursue additional adaptation above what is strictly required by rising seas in order to lessen the impact of uncertain flooding on an annual basis. These geographical results highlight a defining feature of CIAM, the fact that adaptation decisions and costs are evaluated at the local level, where it will ultimately take place. 
CIAM results: sensitivity analysis
Because many of the coastal impact processes represented in CIAM lack an empirical basis, the cost functions take a generalized approach and many parameters are approximate. To demonstrate that the results presented here are robust to a wide range of assumptions, I perform one-at-a-time sensitivity analysis on various parameters, specifically the length of the adaptation planning horizon, the threshold for wetland migration, the density of coastal capital, the efficient capital depreciation assumption, the discount rate, and cost parameters for protection, land value, and relocation costs. The results show that, even for a 'worst case' scenario that doubles protection and retreat costs, halves the wetland rate, and fails to depreciate capital, net present costs stay within a factor of two of the Least-Cost reference case at $3 trillion through 2100 for the current study design ( Figure SM5 ). These sensitivity cases help to inform the upper bound on coastal impact estimates.
The figure also highlights the fact that, in comparison to the sensitivity cases, the suboptimal policy extremes (in which all segments Retreat, Protect, or do No Adaptation) have a much stronger influence on aggregate cost, roughly 10 times the Least-Cost policy. This result reinforces the earlier conclusion that adaptation strategy is a key driver of coastal impact estimates, and continued analysis of such adaptation trade-offs will strengthen coastal planning and impact assessments.
Discussion
Summary and policy implications
These CIAM results complement previous coastal impact assessments, offering new global estimates from the perspective of economic efficiency with a bottom-up approach afforded by the high-resolution DIVA database. By disaggregating the optimal adaptation decision to the segment level, the model can evaluate the relative cost-effectiveness of adaptation strategies based on key local determinants such as coastal geography, population and income density, and land value. Additionally, CIAM accounts for the spatial variability of local SLR, sea level extremes, and wetland loss, three factors which have been omitted in many previous impact frameworks.
This application of CIAM illustrates the large potential for coastal adaptation to reduce the worst expected impacts of SLR on coastal resources, lowering global net present costs by a factor of 7 to less than $1.7 trillion through 2100. Study results show that the choice of adaptation is far more important than the ultimate magnitude of the SLR threat in determining the overall cost of coastal impacts, suggesting an important role for anticipatory measures and the institutions involved. Moreover, the optimal strategies at the segment level tend to be insensitive to the SLR scenario. For example, there is no change in the least-cost adaptation type between RCP2.6 and RCP8.5 for over 90 % of segments, though island nations like the Maldives are notable exceptions ( Figure SM4 ). These findings support proactive coastal planning and also suggest that adaptation policy need not be entangled in climate target discussions-mitigation and adaptation can proceed independently.
CIAM results can also be interpreted at the local level, with a qualitative conclusion that retreat is often a more cost-effective adaptation strategy than protect. This finding is particularly true for higher SLR scenarios: protection costs necessarily continue to increase with higher seawalls, while relocation costs slow with coastal slopes that tend to steepen inland, increasing the marginal benefit of retreat. Moreover, retreat has the added advantage of redu cing flood exposure, which adds to the robustness of the policy choice. This general result suggests a shift from how coastal adaptation is often conceived: "protect at all costs" may not be prudent for the majority of coastlines. This conclusion supports the need for thoughtful policies for coastal land management to limit development in anticipation of a planned retreat.
Although these CIAM results reflect the potential to minimize costs to society, there are many institutional and informational reasons why suboptimal outcomes may ensue. In reality, decisions are made without perfect information about expected SLR and the frequency of surge extremes. Certain regions will rely on safety standards rather than cost-benefit analysis to determine adaptation measures (e.g., the Netherlands defends against the 10,000 year flood; Hillen et al. 2010) . Private agents acting in their own interest (e.g., to avoid the transferred appreciation of upslope land rents) may decide to protect their own coastline even when this is worse overall for society. Finally, there is evidence that society is currently under-adapted, which suggests even existing flood risks are not well accounted for by private agents and insurance programs. This research raises awareness about the role of adaptation, and how advance planning, governance, and education can affect the realized impacts of climate change.
Limitations and future work
The framework presented in this paper has important limitations. While CIAM's disaggregated approach improves the coverage and resolution of global damage estimates, there are also inherent constraints in performing optimization analysis over such an extensive scope. CIAM is designed for the general case, solving the same problem over 12,148 segments, even though certain areas are known to have distinct features that warrant special treatment. For example, evaluating islands as a group, rather than independent segments, could determine whether local retreat is feasible given land availability or if relocation to a mainland is required, which would introduce additional costs and issues related to climate migration. CIAM is not designed to replace site-specific studies of targeted adaptation scenarios, which will always be essential for public planning; however, those studies cannot be extrapolated to inform global estimates of coastal impacts. While CIAM will not get every segment exactly right, its aggregate estimates have rich underlying detail and constitute a novel contribution to existing impact assessments.
Finally, there are a host of dimensions to explore in future work. Key issues that have been omitted from this analysis include erosion, saltwater intrusion, ocean acidification, coastal tourism and recreation, international migration, and interactions with other impact sectors such as agriculture; furthermore, cyclones often combine flooding with wind damage, not included in the current model. The CIAM framework could be extended to account for many of these localized impacts as well as the special treatment of vulnerable areas such as low-lying islands and ports. In addition, the treatment of uncertain extreme water heights and the resulting damages would benefit from sensitivity analysis around potential nonstationarity in the storm surge distribution, should warming amplify sea level extremes, along with exploring different attitudes towards risk. Future studies could apply CIAM to evaluate potential suboptimal outcomes, including dimensions related to insurance markets, maladaptation, and under-adaptation. The direct cost approach presented here could also be integrated with a CGE framework capable of determining economy-wide welfare effects of sea level rise. Lastly, in contrast to the current assumption of perfect foresight about nearterm SLR projections, a future research priority is to reformulate CIAM for decision-making under uncertainty to explore the critical role of risk management on adaptation strategies.
